A diarylethene photoswitch was covalently connected to two small triplet sensitizer moieties in a conjugated and nonconjugated fashion and the photochromic performance of the resulting compounds was investigated.
Introduction
Over the past years molecular switches [1] have received much attention due to their promising role as active control elements in functional materials and devices. [2] The unique characteristic of a switch as compared to a fuse lies in its reversibility. However, in order to exploit this distinguishing feature truly robust systems associated with a pronounced fatigue resistance -the capacity to undergo many switching cycles without considerable degradation -are needed. Another important practical demand relates to the necessity to operate the switch (in both directions) by visible light, [3] for example to reduce harmful effects of high-energy UV light and to ensure deeper penetration into the (bio)material.
Most families of molecular switches rely on two distinct mechanisms: Either E/Z isomerization of a double bond, involving a significant geometrical change, or 6π electrocyclization of a triene system that enables strong electronic modulation. Azobenzenes, [4] the most prominent family in the former class, are known to perform reliably and can be addressed directly by visible-light excitation. [5] In contrast, diarylethenes, [6] representing arguably the most attractive family in the latter class, require an elaborate design to achieve high fatigue resistance. Whereas in the solid state the molecular environment of a single crystal allows for thousands of switching cycles without pronounced degradation upon alternating irradiation with UV and visible light, [7] highly repetitive switching remains a critical issue in solution. [ 8] To meet this challenge, the two main strategies involve incorporation of electron-withdrawing groups [9] and steric hindrance[10] to prevent formation of a common by-product caused by a UV-induced irreversible photoreaction of the ringclosed isomer. In addition to the issue of fatigue resistance, several attempts have been made to red-shift the absorption of the open form in order to utilize visible light also for ring-closing. This issue has been addressed directly by elongating the conjugated π-system[11] and indirectly by attaching (rather extended) antenna chromophores. [12] Here we show that both of these critical aspects can be addressed simultaneously by attaching small triplet-sensitizing moieties to a diarylethene core via a π-conjugated linkage. Thus, our design takes advantage of both the deliberate manipulation of the singlet-triplet transition and the bathochromically shifted absorption due to the extended π-system to achieve ring-closure via the triplet manifold upon visiblelight excitation.
Our approach is based on recent findings showing that byproduct formation occurs exclusively from an excited singlet state [9c,13] and hence ring-closure via the triplet manifold represents an attractive strategy to circumvent this detrimental side reaction. In fact, triplet sensitization of diarylethenes has previously been reported using transition-metal complexes [14] as well as solely organic [9c,15] triplet sensitizers in either intermolecular or intramolecular fashion. Indeed, formation of the by-product during the conversion of a parent diarylethene 1o to the closed isomer 1c could be avoided by intermolecular triplet sensitization using an excess of biacetyl (Scheme 1).
[9c] Although biacetyl offers a high intersystem crossing efficiency of practically 100% [16] and a high-energy triplet state able to sensitize the open form of the diarylethene, it suffers from an extremely low extinction coefficient of 20 M -1 cm -1 at 400 nm originating from the corresponding symmetry-forbidden n→π* transition. As a result, a large excess of biacetyl (250 equivalents) was needed to ensure sufficient absorption at 400 nm and local concentration in the bimolecular sensitization process. In order to avoid this concentration dependence we have covalently connected the biacetyl and diarylethene units, using saturated and π-conjugated linkages to afford diarylethenes 2 and 3, respectively (Scheme 1).
To synthesize target compounds 2 and 3 the modular route developed by Feringa and co-workers[17] was adapted by attaching the appropriate biacetyl-substituted phenyl residues to the preformed diarylethene core via a Suzuki cross-coupling reaction. The corresponding biacetyl-substituted phenylbromides were readily available from diethyl ketal monoprotected biacetyl via aldol condensation with benzaldehydes. In the case of the saturated linker, the double bond was reduced by transfer hydrogenation. Suzuki cross-coupling of the phenyl bromides to 1,2-bis(2-chloro-5-methylthien-3-yl)cyclopentene involving in situ borylation followed by final deprotection provided photoswitches 2 and 3 as their open isomers. For further details on the synthetic procedures and compound characterization, consult the Supporting Information.
The absorption spectra of the saturated photoswitch 2 closely resemble those of the parent diarylethene 1
( Figure 1 ). The presence of the (decoupled) biacetyl moiety is revealed by a weak shoulder reaching into the visible range of the spectrum. In contrast, the absorption band of the unsaturated derivative 3o is strongly bathochromically shifted to λ(max) = 390 nm, as compared to λ(max) = 282 nm (for 2o), due to the elongated π-system and its push-pull character originating from the electron-rich thiophene and the electronwithdrawing diketone units. Most importantly, the molar absorptivity at 400 nm increases by about 1000-fold, rendering the excitation of photoswitch 3o in the visible range a lot more efficient than that of 2o.
Irradiation of an acetonitrile solution of 2o at λ(irr) = 313 nm results in quantitative photoconversion to the closed isomer 2c, which displays a characteristic visible absorption band at λ(max) = 526 nm similar to 1o and typical for ring-closed diarylethenes. Analogously, irradiation of the conjugated photoswitch 3o in acetonitrile at λ(irr) = 313 nm leads to formation of the respective ring-closed isomer 3c. During ring-closure, the band at λ(max) = 390 nm diminishes and two new bands appear: One at λ(max) = 330 nm and the other one in the visible range at λ(max) = 608 nm. In comparison with 2c, the latter is strongly red-shifted by 82 nm (Figure 1 ), again illustrating the extended π-conjugation. The photoconversion, that is, the amount of isomer 3c that can be attained in the photostationary state (PSS) upon ring-closure at λ(irr) = 313 nm, is lower than in the case of 2o→2c due to an increasing absorption of the ring-closed isomer upon irradiation at 313 nm (Table 1) .
Because of the large bathochromic shift of 3o, it should also be possible to induce ring-closure in the blue region of the visible spectrum. Indeed, when irradiation at λ(irr) = 405 nm was employed, complete photoconversion of 3o to 3c is observed, whereas 1o and 2o do not undergo any detectable photocyclization under these conditions. This is most likely due to the lack of absorbance of 1o and the negligible extinction coefficient of 2o at λ(irr) = 405 nm as well as the stronger absorbance of the formed closed isomers at the same wavelength, thus favoring cycloreversion instead. The significant effect of the conjugated linkage on shifting a high extinction band into the visible range has also been verified independently for model compounds (see Figure S6 in the Supporting Information). Furthermore, the presence of oxygen in solution has a considerable effect on the time required to reach the PSS in the irradiation of 3o, while irradiations of 1o and 2o were not affected.
To quantify the efficiencies of the photochemical ring opening and ring-closure reactions of 2 and 3, quantum yields were determined both in the presence and absence of oxygen ( Table 1 ). The quantum yields for ringclosure of 2o upon λ(irr) = 313 nm irradiation are comparable to those of the parent dithienylethene 1[9c, 18] and are not dependent on the presence of oxygen, similar to most conventional diarylethenes. For the conjugated photoswitch 3o a different behavior was observed. Upon irradiation of a degassed solution of 3o at λ(irr) = 405 nm a quantum yield of 30% was determined, whereas in the presence of oxygen it drastically decreased to 0.9%. This finding is a clear indication for the population of an excited triplet state of 3o, which is quenched by molecular oxygen and thereby acts as a singlet-oxygen sensitizer. [19] In the meantime not only the quantum yield but also the fatigue resistance decreases in the presence of air primarily due to formation of reactive singlet oxygen, which yields various oxidation by-products. [20] A similar tendency is observed for irradiation of 3o at λ(irr) = 313 nm; however, the generally lower quantum yields compared to those upon irradiation at λ(irr) = 405 nm indicate a less efficient population of the reactive triplet excited state.
A significantly reduced intersystem-crossing quantum yield compared to that of the parent biacetyl is not likely since comparable values have been determined for benzyl with φ(ISC) = 0.92. [21] Note that the effective quantum yield for the intermolecular sensitization of 1o to 1c using excess biacetyl upon irradiation at λ(irr) = 405 nm was 36%, which is comparable to the value obtained for the ring-closure of 3o. No trace of 1c was observed in the experiments without biacetyl or in the presence of oxygen at λ(irr) = 405 nm.
The ring-closed isomer 3c can readily be converted back to its open form 3o by irradiation of the longwavelength band at λ > 500 nm. The associated quantum yield of the cycloreversion reaction is rather low and is independent of the presence of oxygen. As earlier work has shown that the cycloreversion in the excited triplet state is inhibited due to large thermal barriers, [22] it is likely that the ring-opening reaction of 3c proceeds in the singlet state. The fact that the quantum yield for the ring-opening of 3c is lower than that of the ring-opening of the saturated compound 2c and the parent diarylethene 1c may be explained by a competing population of the unreactive triplet as well as the generally less efficient cycloreversion in the excited singlet state as a consequence of the elongated π-system.
[23] This in fact illustrates an intrinsic drawback of our approach as the enhanced fatigue resistance in the triplet manifold is accompanied by a reduced ring-opening efficiency.
To gather further evidence for the involvement of a triplet state in the cyclization of 3o oxygen was replaced by another quencher, for which the concentration could easily be adjusted. Anthracene was chosen because it features a low-lying triplet state, which (in the absence of oxygen) thermally relaxes without any by-product formation, and its absorption spectra display no extinction at the irradiation wavelength (λ(irr) = 405 nm). We measured the quantum yield of the ring-closure of 3o at varying concentrations of the anthracene quencher and the resulting Stern-Volmer analysis showed a linear relationship (see Figure S9 in the Supporting Information), providing clear evidence that cyclization proceeds via a triplet state.
One advantage of triplet sensitization is the possible use of light with lower energy in contrast to conventional diarylethenes. As UV light is known to induce side reactions arising from the ring-closed isomer, the fatigue resistance of photoswitch 3 should be improved. To investigate this aspect, switching cycles consisting of alternating ring-closure at λ(irr) = 405 nm and ring-opening with λ(irr) > 500 nm were carried out ( Figure 2 ).
Repeatedly the long-wavelength band of the closed isomer at λ(max) = 608 nm could be reestablished, indicating no loss of material as the same amount of ring-closed isomer is consistently regenerated over the course of many switching cycles. This is in strong contrast to conventional diarylethenes, such as parent dithienylethene 1, which upon an increasing number of switching cycles exhibit a continuous decay of the visible band indicating an increasing loss of material due to by-product formation (see Figure S10 in the Supporting Information). Note that the number of cycles that can conveniently be obtained for diarylethene 3
is limited by the rather poor cycloreversion efficiency necessitating extended irradiation times for backswitching, which was not pushed to completion for time reasons (see varying minima in Figure 2 ).
For a true performance test 3 was exposed to long-time irradiation in order to force by-product formation ( Figure 3 ). Even after extended continuous irradiation with λ(irr) = 405 nm light of high intensity (1000W Xe lamp equipped with an interference filter) no sign of degradation was observed as judged by the intensity of the long-wavelength absorption of the closed isomer. In contrast, diarylethene 1 shows a fast decay upon irradiation at λ(irr) = 313 nm as a result of the formation of the well-known by-product from the closed isomer.
[9c] A similar behavior was observed in the case of the saturated switch 2 (313 nm), which does not ring-close via the triplet excited state.
Even upon prolonged UV irradiation at λ(irr) = 313 nm 3 proves to be significantly more stable than diarylethenes 1 and 2 ( Figure 3 ). Clearly, upon excitation at λ(irr) = 313 nm the triplet pathway plays an important role and helps to avoid byproduct formation. Apart from this, it is important to note that diarylethene 3 can be used to generate singlet oxygen selectively, that is, only by irradiation of the ringopened isomer 3o but not from 3c.
In summary, by attaching triplet-sensitizing units to a diarylethene we have been able to significantly improve its photoswitching performance. Specifically, our improved photoswitch 3 can reliably be operated with visible light only and shows negligible fatigue even after extended irradiation times. Besides extending the conjugated π-system our design is based on a deliberate use of the triplet manifold, which should prove beneficial for the development of improved photoswitches [3] as well as photoswitchable sensitizers. [19] Current efforts are devoted to designing alternative sensitizer-switch constructs to optimize the ring-opening quantum yields.
Scheme 1.
Evolution of photoswitch design starting from intermolecular triplet sensitization of the parent dithienylethene 1 with biacetyl (top) to intramolecular sensitization via a decoupled system 2 (center) to the best performing π-conjugated switch 3 (bottom) giving no rise to irreversible byproduct (bp) formation upon visible light (405 nm irradiation. 
